In vitro compartmentalisation (IVC), a technique for selecting genes encoding enzymes based on compartmentalising gene translation and enzymatic reactions in emulsions, was used to investigate the interaction of the DNA cytosine-5 methyltransferase M.HhaI with its target DNA (5¢-GCGC-3¢). Crystallography shows that the active site loop from the large domain of M.HhaI interacts with a¯ipped-out cytosine (the target for methylation) and two target recognition loops (loops I and II) from the small domain make almost all the other base-speci®c interactions. A library of M.HhaI genes was created by randomising all the loop II residues thought to make base-speci®c interactions and directly determine target speci®city. The library was selected for 5¢-GCGC-3¢ methylation. Interestingly, in 11 selected active clones, 10 different sequences were found and none were wild-type. At two of the positions mutated (Ser252 and Tyr254) a number of different amino acids could be tolerated. At the third position, however, all active mutants had a glycine, as in wild-type M.HhaI, suggesting that Gly257 is crucial for DNA recognition and enzyme activity. Our results suggest that recognition of base pairs 3 and 4 of the target site either relies entirely on main chain interactions or that different residues from those identi®ed in the crystal structure contribute to DNA recognition.
INTRODUCTION
Although structural studies of enzymes by X-ray crystallography and NMR can provide a great deal of insight into their mode of action, a more thorough understanding of the relationship between structure and function requires the use of other complementary techniques (1) . The ability to construct proteins differing by only a single amino acid at a predetermined position has proven particularly powerful, enabling sophisticated questions to be asked about the role of any amino acid in a protein (1) . However, the systematic substitution of every individual residue in a protein is a major undertaking; for a small, 100 amino acid protein this would require the creation and testing of 1900 variants. Alanine scanning (2) , in which each residue is systematically changed to alanine, reduces the task to testing less than 100 variants (for a 100 amino acid protein) but does not provide information as to whether any residue other than alanine could be functional. In addition, neither approach provides information about the cooperative effect of simultaneous changes at more than one position, which can sometimes be signi®cant (3) .
If more than one position is to be mutated, the number of variants that need to be analysed increases dramatically (4) . However, libraries of enzymes randomised simultaneously at several positions can be processed using high throughput screening (5) or selection strategies (6, 7) . Selection is particularly useful where only a small number of active variants are present in the background of numerous inactive ones. However, existing direct, in vitro selections for enzymatic activities are of rather limited scope (6, 8) . In this context, we have developed in vitro compartmentalisation (IVC) for the selection of genes encoding enzymes. This completely in vitro system is based on compartmentalising reactions in the aqueous droplets of a water-in-oil emulsion. The small size of the compartments (~5¯) means that IVC can select many genes (there are~10 10 aqueous compartments in an emulsion made from 50 ml of reaction mix dispersed in 1 ml of oil), is highly sensitive and economical. We have previously demonstrated the fundamentals of IVC by selecting for the DNA cytosine-5 methyltransferase HaeIII (9) (Fig. 1 ) and a bacterial phosphotriesterase (A.D.Grif®ths and D.S.Taw®k, manuscript in preparation). Compartmentalisation in emulsions has also recently been used for the directed evolution of Taq DNA polymerase based on the polymerase replicating its own gene (10) . In this study we have used IVC to investigate the function of residues in the DNA cytosine-5 methyltransferase HhaI (M.HhaI).
DNA cytosine-5 methyltransferases catalyse the transfer of a methyl group from S-adenosylmethionine (AdoMet) to a DNA cytosine ring carbon (C5) in a sequence-speci®c manner. They are found in bacteria, archaea and eukaryotes. In bacteria, DNA methylation has roles in the control of DNA replication and in restriction±modi®cation systems (11) wherein the host DNA is protected from cleavage by restriction endonucleases which recognise the same target site. In eukaryotes, cytosine-5 methyltransferases are responsible for CpG methylation, which is thought to be involved in regulation of chromatin structure and gene expression (12) and DNA methylation has been implicated in the development of cancer (13, 14) .
M.HhaI is a bacterial methyltransferase which methylates the internal cytosine of the tetranucleotide restriction/methylation (R/M) site 5¢-GCGC-3¢. Crystallographic studies reveal that M.HhaI folds into two domains, separated by a large cleft that holds the DNA (15, 16) , and that the DNA target cytosine is¯ipped out of the helix (16) . The large domain contains the catalytic site and the cofactor (AdoMet) binding site. Its structure is very similar to the large domain of other cytosine-C5, adenine-N6 and cytosine-N4 DNA methyltransferases, and indeed all but two of the 25 crystallographically determined AdoMet-dependent methyltransferases share this common structural core (17, 18) . The large domains of DNA cytosine-5 methyltransferases also contain a series of conserved sequence motifs involved in catalysis and cofactor binding (19) . The small domains of DNA cytosine-5 methyltransferases are responsible for target recognition and their sequences as well as structures vary greatly from one enzyme to another. This renders sequence comparison of little use in comprehending differences in DNA recognition and sequence speci®city. Crystallographic studies show that the small domain of M.HhaI contains two glycine-rich target recognition loops (loops I and II) which contact the target DNA sequence (16) (Fig. 2) . These two loops are thought to be responsible for almost all the base-speci®c interactions with the 5¢-GCGC-3¢ target site; the only other amino acid in the enzyme which also interacts with the bases is Ile86, which interacts with G1. This general arrangement, with two loops from the small domain interacting with the R/M site, is also seen in the crystal structure of DNA cytosine-5 methyltransferase HaeIII (M.HaeIII) (20) .
Here we have explored the role of the residues in target recognition loop II thought to interact with bases in the target sequence ( Fig. 2) (16) . Libraries of mutant M.HhaI genes with the codons for these residues randomised to give all 20 possible amino acids were selected and the active mutants isolated and characterised.
MATERIALS AND METHODS

Oligonucleotides
HhaIBc, 5¢-GCATCTGACAAGCTTAATAATTTTGTTTA-ACTTTAAGAAGGAGATATACATATGATTGAAATAA-AAGATAAACAGCTCACAGG-3¢; HhaIFoNc, 5¢-CGAGC- TAGAGGTACCTTATTAATATGGTTTGAAATTTAATG-ATGAACCAATG-3¢; pBR-ClaIba, 5¢-GCATCTGACA-TCGATTAATACGACTCACTATAGGG-3¢; pBRHha232-EcoRIfo, 5¢-GCATCTGACGAATTCGGTCTCCTACAA-TACCAAGTCGAACTG-3¢; pGEMHha258-Hind3Ba, 5¢-GCATCTGACAAGCTTATTTTCGCTAAGACAGGGGG-3¢; pGEM-EcoRIfo, 5¢-GCATCTGACGAATTCTTATTAATA-TGGTTTGAAAT-3¢; tet1, 5¢-CAGGACGGGTGTGGT-CGC-3¢; Hha245-Bsafo2, 5¢-GTCCTCGCAACTGGTCT-CCTCTTGTGCTATAAATTCGTTCTCCTTGCCCGCCTT-TTCCTACAATACCAAGTCGAACTG-3¢; LMB2-1Bio, 5¢-biotin-CAGGCGCCATTCGCCATT-3¢; pGEMHha246-BsaIba, 5¢-GTCCTCGCAACTGGTCTCCAAGAGGCATT-GCAATTACCTTANNSGCTNNSGGTGGTNNSATTTTC-GCTAAGACAGGGGG-3¢; tet6, 5¢-CAGTGCTCCGAGAA-CGGG-3¢; McrLMB2-2Bio, 5¢-biotin-AAGTTCAGCCTG-GTTAAGGCCGGCCGCGCGCGCAGCTTGGATCTTAGT-CGCTTGCACTGCTATCGGGCCGGCCGCGCGCGCCA-GGCTGCGCAACTGTTG-3¢; tet7, 5¢-TGCGCATAGAAAT-TGCAT-3¢; McrLMB2-3Bio, 5¢-biotin-AAGTTCAGCCTG-GTTAAGGCCGGCCGCGCGCGCAGCTTGGATCTTAGT-CGCTTGCACTGCTATCGGGCCGGCCGCGCGCGCGG-AAGGGCGATCGGTGCG-3¢; tet8, 5¢-CAACGCATATAG-CGCTAG-3¢; McrLMB2-4Bio, 5¢-biotin-AAGTTCAGCCT-GGTTAAGGCCGGCCGCGCGCGCAGCTTGGATCTTA-GTCGCTTGCACTGCTATCGGGCCGGCCGCGCGCGCG-GCCTCTTCGCTATTACG-3¢; tet10, 5¢-GGCGATGCTGT-CGGAATG-3¢; LMB2, 5¢-GTAAAACGACGGCCAGT-3¢; pCR2.1ba, 5¢-ACGGCCGCCAGTGTGCTGGAA-3¢; pCR2.1fo, 5¢-AGTGTGATGGATATCTGCAG-3¢; HindIIIPCR, 5¢-AGG-ATGACGATGAGCGCATTG-3¢.
Creation of libraries of mutated M.HhaI genes
The procedure used to create libraries of mutated M.HhaI genes is outlined schematically in Figure 3 . The M.HhaI (21) gene was ®rst ampli®ed from Haemophilus parahaemolyticus (ATCC 10014) using oligonucleotides HhaIBc and HhaIFoNc and cloned into HindIII and KpnI cut pGEM-4Z (Promega) to create pGEMMHhaI. To create a library of M.HhaI genes mutated in target recognition loop II, a fragment comprising the T7 promoter, T7 gene 10 ribosome binding site, and the N-terminal part of the M.HhaI gene (up to residue 232) was then re-ampli®ed from pGEMMHhaI by PCR (with Pfu polymerase) using the primers pBR-ClaIba and pBRHha232-EcoRIfo, digested with ClaI and EcoRI, and cloned into pBR322 cut with the same enzymes to create pBRHha1-232. A fragment comprising the C-terminal part of the M.HhaI gene (from residue 258) was also ampli®ed from pGEMMHhaI using the primers pGEMHha258-Hind3Ba and pGEM-EcoRIfo, digested with HindIII and EcoRI and cloned into pGEM-4Z digested with the same enzymes to create pGEMHha258-E. pBRHha1-232 was ampli®ed by PCR using the primers tet1 (5¢-end-labelled with 32 P) and Hha245-Bsafo2. pGEMHha258-E was ampli®ed with LMB2-1Bio (5¢-end-labelled with biotin) and pGEMHha246-BsaIba. The fragments were digested with BsaI, puri®ed using a Wizard PCR Preps DNA Puri®cation System (Promega), quantitated by measuring the OD 260 nm and each fragment added to a 35 ml ligation reaction to give a concentration of 0.095 mM (2 Q 10 12 molecules of each fragment). Dynabeads M-280 Streptavidin (Dynal) (2 mg) were added to the ligation mix, allowed to bind and the supernatant removed. The beads were washed three times with W+B buffer (2 M NaCl, 10 mM Tris±HCl, 1 mM EDTA pH 7.4), twice with PCR buffer (minus Mg 2+ ) and resuspended in 50 ml of PCR buffer. The ligation ef®ciency was estimated to be >10% from scintillation counting 10% of the beads and the supernatants. Loop II library DNA, ready for selection, was created by taking 5 ml of resuspended beads (carrying an estimated >2 Q 10 10 ligated DNA molecules) and PCR amplifying the genes in a 200 ml reaction with primers tet6 and McrLMB2-2Bio (5¢-biotinylated and with four HhaI R/M sites).
Selection for DNA methylation by IVC
Selections for catalysis were performed with DNA at 0.5 nM for 2 h at 25°C as described (9), but digesting with the restriction endonuclease HhaI (as opposed to HaeIII) (Fig. 1) . After the ®rst round of selection, the surviving DNA was ampli®ed with primers tet7 and McrLMB2-3Bio (which nest inside primers tet6 and McrLMB2-2Bio), analysed on a gel and quantitated by measuring the absorbance at 260 nm. A second round of selection was performed using this DNA exactly as above and the surviving DNA was PCR ampli®ed with primers tet8 and McrLMB2-4Bio (which nest inside primers tet7 and McrLMB2-3Bio). The unselected DNA and DNA ampli®ed after the ®rst or second rounds of selection were added (to a ®nal concentration of 5 nM) to 10 ml of in vitro transcription±translation reactions (Promega Escherichia coli S30 extract system for linear DNA), supplemented with 2000 U T7 RNA polymerase and 80 mM AdoMet. After 1 h at 25°C, the substrate DNA DIG-D1.3-biotin (a 942 bp DNA fragment PCR ampli®ed with a biotinylated forward primer and a digoxigenin-labelled back primer, containing one HhaI R/M site and four HaeIII R/M sites) was added to give a concentration of 10 nM and incubated for 15 min at 25°C. The reaction was stopped and methylation of DIG-D1.3-biotin assayed by measuring protection from cleavage by the cognate restriction endonuclease R.HhaI using DIG-biotin ELISA (Roche) as described (9) . Samples were also digested with the non-cognate restriction endonuclease R.HaeIII and left undigested. The percentage undigested DNA was calculated from the ratio of the ELISA signal observed with or without restriction enzyme digestion (with the background signal subtractedÐwhere background is the signal, after digestion with R.HhaI, of a sample with no methyltransferase activity).
Cloning and characterisation of the selected M.HhaI library
Aliquots of 1 ml of loop II library DNA, unselected and after one and two rounds of selection, were ampli®ed using Taq polymerase and primers tet10 and LMB2 in a 50 ml hot start PCR (25 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, then 72°C for 10 min). These PCRs were then cloned into pCR2.1-TOPO using TOPO TA cloning (Invitrogen). Colonies were PCR screened for inserts using primers pCR2.1ba and pCR2.1fo (94°C for 10 min, then 25 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 2 min, then 68°C for 7 min). Those with inserts of the correct size were checked for the presence of methyltransferase activity by in vitro translation of the PCR fragment and DIG-biotin ELISA as above. Clones from the unselected library and both active and inactive clones from the selected libraries were sequenced using primers HindIIIPCR and LMB2. Rates (relative to wild-type M.HhaI) were also determined using a DIG-biotin ELISA as above, except that the template DNA was at 8 nM and after translation the reactions were diluted 10-fold with water and 20 ml methylation reactions were set up with 2 ml of diluted translation, 80 mM AdoMet and 10 nM DIG-D1.3-biotin substrate DNA in HhaI methyltransferase buffer (50 mM Tris±HCl, pH 7.5, 10 mM EDTA, 5 mM 2-mercaptoethanol). The reactions were incubated at 25°C for 10 min, at which point the rate of methylation by wild-type M.HhaI (and hence also all mutant clones) was still at or close to initial velocity, then stopped by diluting 60 times in 2 M NaCl, 10 mM Tris±HCl, 1 mM EDTA pH 7.4, 25 mg/ml yeast RNA, 4 mM S-adenosylhomocysteine and methylation assayed by DIG-biotin ELISA as above. All assays were performed in duplicate. The absorbance (450 nm minus 650 nm) of the DIGbiotin ELISA was directly proportional to the percentage of methylated (i.e. uncut) DNA from 0 to 100%. The amount of each mutant produced by in vitro transcription±translation was quantitated by translation in the presence of [ 35 S]methionine, SDS±PAGE and storage phosphor autoradiography using a Typhoon 8600 Imager (Amersham Biosciences). Yields of full-length protein varied from 41 to 220% of wild-type and rates were normalised for differences in expression levels.
RESULTS
Creation of a library of mutant M.HhaI genes by randomising codons in target recognition loop II A library of~3.3 Q 10 4 mutant M.HhaI genes was created using PCR. Three codons in target recognition loop II, encoding Ser252, Tyr254 and Gly257 in wild-type M.HhaI, were randomised (Fig. 2C) . These are the only three residues in loop II thought to interact with bases. The side chain hydroxyl of Ser252 (O g ) is thought to form a hydrogen bond with N7 of G3 through a water molecule, and Tyr254 and Gly257 are thought to have direct contacts through main chain atoms (O of Tyr and N of Gly) with C4 (N4) and G4¢ (N7), respectively (16) (Fig. 2) .
As described in Figure 3 , the library was created by ®rst splitting the M.HhaI gene in the region encoding target recognition loop II and subcloning each non-overlapping fragment into a different vector to ensure that the wild-type M.HhaI gene would not be present in the library. These two vectors were then ampli®ed using PCR. The backward primer for the`C-terminal' fragment of the M.HhaI gene contained the region encoding the three randomised codons. This primer and the forward primer for the`N-terminal' fragment both contained sites for the restriction endonuclease BsaI: a Type IIs restriction enzyme that cuts to one side of the recognition sequence enabling the cohesive ends to match the sequence of the gene and the recognition sequence to be removed. The BsaI-digested`N-terminal' and`C-terminal' fragments were ligated to give intact genes. This allowed mutations to be introduced at any chosen site. The ligated gene libraries were ampli®ed by PCR to give double-stranded linear DNA with a single biotin at one end (appended on a PCR primer). Each gene contained a T7 promoter and ribosome-binding site (rbs) for ef®cient expression in vitro. Each gene also had four HhaI R/M sites (5¢-GCGC-3¢) appended to the gene by the biotinylated primer. A sample from the library was cloned and 20 clones were sequenced. Each sequence was unique, with a random distribution of amino acids at the three mutated residues, and none had the wild-type amino acid sequence.
Selection by IVC
The library was subjected to two rounds of selection using IVC as described (9) using HhaI restriction endonuclease to digest unmethylated DNA (Fig. 1) . After each round of selection the DNA was ampli®ed with primers which nested inside the previous pair. In each case the biotinylated primer appended four HhaI R/M sites. Enrichment for genes encoding active methyltransferases was monitored by in vitro translating unselected DNA and DNA ampli®ed after the ®rst and second rounds of selection and then incubating the translated protein with a substrate DNA containing one HhaI R/M site and four HaeIII R/M sites (Fig. 4) . When the substrate DNA was subsequently digested with HaeIII restriction endonuclease (R.HaeIII) the DNA was cut to completion, regardless of whether the DNA was selected or not, indicating that there was no methylation of HaeIII R/M sites (5¢-GGCC-3¢) before or after selection. In contrast, when the unselected library DNA was incubated with HhaI restriction endonuclease (R.HhaI), 5% of the DNA remained uncut after digestion, suggesting the presence of a low level of methylase activity even before selection. After one round of selection 87% of the substrate DNA was not digested with HhaI restriction endonuclease (R.HhaI) and after two rounds of selection 96% remained undigested, indicating an enrichment of genes encoding enzymes which methylate HhaI R/M sites (5¢-GCGC-3¢). However, as these assays were intended simply to detect enrichment for methyltransferase activity and were not carried out under initial velocity conditions, the level of activity in the unselected library is greatly overestimated. This is re¯ected in the percentage of active clones in the unselected versus the selected libraries (see below).
DNA from the unselected target recognition loop II library and DNA ampli®ed after round 1 and round 2 of selection was subcloned and individual clones with inserts of the expected size were in vitro translated and assayed for the ability to methylate a substrate containing the HhaI R/M site as described above. The number of clones showing detectable methyltransferase activity increased from 0% (0 of 32 clones tested) in the unselected library to 10% (3 of 31 clones tested) after one round of selection, and to 23% (8 of 35 clones tested) after the second round of selection, indicating an enrichment in each round of selection. None of the clones tested showed any detectable ability to methylate HaeIII R/M sites. The modest further enrichment in the second round mainly results from the high proportion of active clones after the ®rst round of selection; assuming an average droplet size of 2.6 mm diameter (9), the 0.5 nM DNA concentration used in the selection corresponds to an average of~2.5 genes per compartment and methylation of co-compartmentalised genes would mean that the frequency of active clones would not exceed 40%.
Characterisation of active mutants selected from the library
Eleven selected clones showing methyltransferase activity towards the HhaI R/M site (5¢-GCGC-3¢) (three after one round of selection and eight after two rounds) were analysed. None of the mutants showed any detectable ability to methylate R/M target sites of related sequences, for example, HaeIII sites (5¢-GGCC-3¢), HpaII sites (5¢-CCGG-3¢) or AciI sites (5¢-CCGC-3¢) (HpaII and AciI sites would also be blocked by CpG methylation) when assayed by digestion with the cognate restriction endonuclease. Moreover, bisulphite modi®cation and sequencing of methylated DNA (22) only revealed methylation at HhaI R/M sites. However, as relatively low methylation levels would not be detected by bisulphite sequencing, it is still possible that some mutations could confer a broader (relaxed) speci®city, but dif®culties expressing and purifying the mutants prevented further characterisation of speci®city.
All 11 clones had Gly at position 257, as in wild-type M.HhaI (Table 1) . At position 254 (Tyr in wild-type M.HhaI) there appeared to be little or no bias towards any particular amino acid (Table 1) . At position 252, which is Ser in wildtype M.HhaI, there seems to be some bias towards certain amino acids, with Thr found ®ve times and Val and Cys twice each ( Table 1) .
The crystal structure indicates that Gly257 makes an interaction with G-4¢ of the DNA through a main chain atom (N) (16) (Fig. 2) . However, the complete conservation of Gly at position 257 in the active mutants suggests that it is crucial for methyltransferase activity ( Table 1) . The presence of a side chain may directly interfere with the interaction with DNA or indirectly disrupt the interaction with the DNA by changing the conformation of loop II. The latter seems likely as examination of the crystal structure revealed that Gly257 has f±y angles incompatible with the presence of a side chain, i.e. it lies in a disallowed region for non-glycine residues on a Ramachandran plot (23).
At position 254, the sequences seemed to show quite a mix of different amino acids and did not reveal any obvious bias (Table 1) . None, however, contained Tyr (the wild-type amino acid) at this position. As it is a main chain atom (O) of Tyr254 that is thought to be involved in the base-speci®c interaction with C-4 of the DNA, it is understandable that a wide range of amino acid side chains might be compatible with methylase activity.
The side chain hydroxyl of Ser252 (O g ) is thought to form a hydrogen bond with N7 of G-3 of the DNA through a water molecule (16) . Perhaps surprisingly, none of the sequenced, active clones had Ser at this position (Table 1) . Indeed, ®ve different amino acids were found at this position in the active mutants. However, no residues with charged or bulky side chains were observed, suggesting there may be some side chain preference. The relative activities of the mutants seems to correlate with the amino acid at position 252. The most active (29±49% of the activity of the wild-type enzyme) were the two clones with Cys252. Cys differs from Ser only in the replacement of a hydroxyl group (-OH) with a thiol (-SH) and since thiol groups are common hydrogen bond donors in biological systems (24) it is perhaps not surprising that Cys can substitute quite effectively for Ser. Likewise, ®ve of the 11 active mutants sequenced had Thr252, the hydroxyl group of which could potentially also make a hydrogen bond with N7 of G-3 of the DNA through a water molecule. The activity of all the mutants with Thr252 was, however, lower than the mutants with Cys252. Indeed, one mutant (R2N8) had an otherwise identical sequence to the two clones with Cys252 yet~5-fold lower activity, suggesting that Cys is a better substituent at position 252. Surprisingly, the remaining active mutants had Leu, Val or Ala at position 252. These aliphatic side chains could certainly not be involved in any hydrogen bonding interaction. Indeed, one of the mutants (R2N34), with Leu252, was 26% as active as the wild-type methylase and more active than all the Thr252 mutants, throwing into some doubt the functional signi®cance of the proposed water-mediated hydrogen bonding interaction between Ser252 and G-3 (16).
DISCUSSION
The mechanism by which DNA cytosine-5 methyltransferases such as M.HhaI speci®cally recognise their DNA targets is poorly understood. Moreover, the target recognition domains of DNA methyltransferases with different sequence speci®-cities share little sequence conservation, except for the Thr´Leu dipeptide diagnostic of most target recognition domains (25±27), making the identi®cation of residues involved in DNA binding by sequence analysis impossible. Thus, the most important insight into DNA recognition to date has come from crystallographic studies, which indicate that in M.HhaI and another cytosine-5 methyltransferase, M.HaeIII, the small domain contains two target recognition loops (loops I and II) which contact the target DNA sequence (16) (Fig. 2) . In this study we have attempted to probe the functional signi®cance of the three residues in target recognition loop II thought, from the crystallographic study, to interact with bases in the target sequence. To this end, we created a library of M.HhaI genes with the codons for these three loop II residues randomised and used IVC to select active mutants of M.HhaI from the library. The selection was based on genes encoding active methyltransferases becoming methylated at the HhaI R/M sites carried on the same DNA molecule and rendered resistant to cleavage by HhaI restriction endonuclease (Fig. 1) . A similar principle has been used to clone a large number of methyltransferases: genomic libraries were expressed in vivo, in E.coli, and plasmids encoding methyltransferases were rendered resistant to digestion with restriction endonuclease and thereby isolated (28) . However, this in vivo technique has been used only rarely to select libraries of mutated methyltransferases (29, 30) and never for a saturation mutagenesis study as described here. The in vitro selections described here require no cloning or transformation and thereby allow the selection of much larger libraries. They also permit much more control over selection pressure than selection in vivo, for example allowing variation in methylation time and substrate concentration. Using IVC, active clones were successfully isolated after both the ®rst and second rounds of selection. Ten of 11 active clones had different sequences (Table 1) . It seems likely, therefore, that if more clones were analysed, more active sequences would be discovered. Many of the selected clones were only slightly less active than the wild-type enzyme and it is intriguing that, even in a region of the protein thought to be intimately involved in DNA binding, many sequences are functional. Also, none of the active clones selected had the wild-type sequence and none was as active as wild-type M.HhaI (Table 1) . However, for a gene to be selected it is only necessary that each of the four HhaI R/M sites it contains be methylated. The k cat of M.HhaI is only 1.3 per min (31); however, since it has a relatively low K m of 2.3 nM (31) and the concentration of a single gene in a compartment of average size [2.6 mm diameter (9)] is 0.2 nM (i.e. 0.8 nM R/M sites), a single wild-type enzyme molecule could still methylate all four R/M sites in a matter of minutes. Hence, it is not surprising that mutants with activities up to 10±15 times less than wild-type (see Table 1 ) can methylate all four R/M sites in the course of a 2 h incubation, allowing the genes that encode them to be selected. In fact, the conditions within these cell-like compartments (volume, enzyme and DNA concentrations, etc.) are similar to those in a bacterial cell. It is therefore likely that these in vitro selected clones could methylate DNA in vivo and confer resistance to the cognate HhaI endonuclease.
From the crystal structure, it seems that two of the basespeci®c interactions from loop II (Tyr254 and Gly257) are main chain mediated, but the third (Ser252) involves a side chain (Fig. 2) (16) . Our data indicate that most likely no side chain can be present at position 257 since Gly257 is conserved in all active mutants. As no side chain would be compatible with the f±y angles observed for Gly257, this must allow loop II to take up a conformation which allows direct contacts between the main chain atoms of Tyr254 and Gly257 with C-4 and G-4¢, respectively, thus providing the speci®city for the last base pair (Fig. 2) . Tyr254 can be substituted by a wide range of amino acid residues whilst retaining activity consistent with the side chain, which points away from the DNA, having no role in target recognition. Several residues can substitute for Ser252, two of which (Thr and Cys), like Ser252, could potentially form a hydrogen bond with G-3 through a water molecule, but three (Leu, Val and Ala) cannot. This indicates that a side chain interaction with G-3 could make some contribution, but is certainly not a requirement for DNA recognition. The speci®city for position 3 could potentially be provided entirely by the interaction of the main chain oxygen of Gln237 with C-3¢ from target recognition loop I (Fig. 2) (16) . In another study, where Gln237 was systematically mutated to all 19 other amino acids (32) , all mutants retained enzymatic activity and speci®city for the 5¢-GCGC-3¢ target site. Hence, it is an intriguing possibility that speci®city for the second half of the target site (base pairs 3 and 4) does not involve any amino acid side chains and may be mediated entirely by main chain interactions with bases.
The crystal structures only reveal one step along the reaction pathway (33) . Binding of DNA by M.HhaI involves a complex dynamic equilibrium with the target cytosine in multiple states: stacked in B-DNA,¯ipped-out of the duplex and, ®nally,¯ipped-out and locked into the active site (34) . Hence, despite the fact that the crystal structures show no major rearrangement in the target recognition domain upon binding of DNA, it is possible that the contacts in the the initial binding event that contribute to sequence speci®city differ from those seen to interact with the DNA in the crystal structure of the chemically trapped reaction intermediate (16) .
